We present a Gedankenexperiment that reveals an inconsistency between quantum theory and thermodynamics. It introduces an interferometer coupled to a collection of two-level systems that absorb and emit radiation statistically. The experiment therefore combines coherent superposition of wave functions with the probabilistic description of absorption and emission processes. We show that this combination of coherence and collapse forces an isolated system to reduce its total entropy, starting from standard, thermodynamic equilibrium. The Gedankenexperiment demonstrates that the basic constituents of quantum physics, namely coherence and acausal (probabilistic) events, contradict the basic constituent of thermodynamics, the second law. Some implications are briefly discussed.
I. INTRODUCTION
The probabilistic nature of quantum physics is not related to the equations of motion which are fully deterministic and describe norm-preserving (unitary) transformations in the state space, but is instead related to a process whose correct interpretation or mathematically sound formulation is still under debate, the so-called collapse of the wave function [1] . The quantum mechanical collapse, which is here understood as a physical, not merely as an epistemic process, is of fundamental importance for our common-sense concept of reality on the macroscopic scale. Using the collapse process as an integral part of their Gedankenexperiment, Einstein, Podolsky and Rosen showed that quantum mechanics is incomplete under the assumption of a local concept of reality [2] . Experiments in [3, 4] that tested the associated Bell inequality [5] found the predictions of quantum mechanics to be correct, proving that reality must have a nonlocal character. Schrödinger's famous Gedankenexperiment demonstrates drastically the consequences of the assumption that the collapse is not physical but rather concerns only the knowledge of the observer [6] . As emphasized by v. Neumann, this point of view leads inevitably to complete subjectivism and the abandonment of an objective world [7] . The "many-worlds" interpretation denies the collapse altogether and thereby forgoes the pretense to describe macroscopic reality in terms of physics [8] . Therefore, we adopt in the following the hypothesis held by the majority of physicists, namely that the collapse process is real in the sense that it occurs independently from the presence of an observer or a measurement apparatus, or at least, that macroscopic ensembles of material objects have to be described as if the collapse were such a physical process.
The second law is one of the cornerstones of physics. Within classical physics and quantum physics, innumerable efforts have been undertaken to prove or refute it, see, e.g., [9] [10] [11] [12] [13] [14] . In recent years, a new field of research called quantum thermodynamics has emerged, e.g., [15] . Quantum thermodynamics achieved ongoing success in refining the second law and adapting it to quantum systems, e.g., [16] . Many of these achievements consider entangled many-body states at low temperatures, revealing that under such circumstances several formulations of the second law such as the Clausius inequality or the Carnot efficiency have to be modified with respect to their classical versions [17] . However, none of these investigations have challenged the simplest and most intuitive formulation of the second law: Spontaneous processes in isolated systems never reduce entropy, the temporal development always progresses from order to disorder and not vice versa [18, 19] . Layout of the interferometer experiment. Two incoherent radiators A and B are embedded in the cavity C which includes the beam splitter BS coated on the right with a dielectric layer, two standard mirrors and m two-level systems at position M . The mode structure in the cavity is chaotic, leading via ergodicity to a distribution of the radiation energy emanating from A and B over the eigenmodes of C.
The collapse processes, which form the center of our argument, are usually considered to be one of the reasons for the validity of the second law in the sense defined above [7] : They are irreversible and always enhance the arXiv:1811.02983v1 [quant-ph] 7 Nov 2018 v. Neumann entropy
of a stateρ(t) because a collapse transforms the pure stateρ p (0) with S(ρ p (0)) = 0 into a mixtureρ m (t > 0) with S(ρ m (t > 0)) > 0. In contrast, the unitary Schrödinger dynamics ofρ(t) does not alter S(ρ(t)) and must be considered reversible, much as the time evolution in classical mechanics which is governed by time-reversal invariant dynamical laws. The fine-grained entropy never changes, and a coarse-graining procedure or a statistical assumption (Boltzmann's "Stosszahlansatz") ensures a growing entropy in processes assumed to be irreversible if a sufficient number of particles are involved [20, 21] . In contrast, the quantum mechanical collapse enforces an intrinsically statistical formulation of the temporal development if it is attributed to the real dynamics of isolated systems which thus acquire an irreducibly probabilistic character. This seems to be an opportunity to base the second law on the reduced dynamics of a system in contact with an environment where the collapse is modeled by the partial trace over the unobserved degrees of freedom of the environment [22] [23] [24] .
II. THE PROPOSED EXPERIMENT
We shall now demonstrate that it is precisely this feature of the collapse process, its intrinsic randomness, that would violate the second law of thermodynamics in its basic sense [18, 19] if the system is to be described -at least partially -also by quantum mechanical superpositions.
Experimental evidence proves that it is possible to describe elementary inelastic processes associated with the absorption and emission of light quanta by atoms statistically, through differential equations based on the "golden rule" [25] [26] [27] , which yields the transition rate between two states of a quantum system. The transition itself is considered a stochastic process. The golden rule is applicable if the involved modes of the radiation field form a continuum around the resonance frequency of the atoms, here modeled by simple two-level systems (TLS). Then also the Markov condition can be assumed and the rate equations are local in time [28] . We do not try to derive the statistical description from an underlying unitary dynamics of "system plus environment", but -based on the microscopic Hamiltonian of our Gedankenexperiment -rather follow the reasoning of Einstein's derivation of Planck's radiation law.
We consider two small cavities A and B, embedded into a larger cavity C. The large cavity is shaped such that the corresponding classical "billiard" model yields chaotic dynamics. Two apertures in A and B allow the exchange of photons between them and the cavity space C. An asymmetric beamsplitter is located in C, such that the radiation from A couples to a collection of TLS at position M , whereas B is not coupled to them. The means to achieve this situation are more or less arbitrary, the sketch in Fig. 1 shows one possibility. Of course, the radiation in C interacts with the TLS as well. The total Hamiltonian reads then
H Q denotes the Hamiltonian in cavity Q for Q = A, B, C,
The ω Q j are the eigenfrequencies in each cavity in the interval ω ± ∆ around the resonance frequency ω of the TLS, N Q is the total number of eigenmodes. N C N A , N B and the modes in C form a quasi-continuum around ω. The a 2. Sketch illustrating in simple terms photons being absorbed in a probabilistic process ("quantum jump") and later re-emitted by spontaneous emission. An atom anchored in a crystal lattice may absorb a photon impinging on it from any direction, as long as the incoming mode has finite overlap with the dipole mode of the TLS. The excited atom later relaxes by emitting a photon as an outgoing spherical wave with arbitrary polarization, independent of the direction or polarization of the previously absorbed photon ((a) and (b)). and C can be described by the bilinear coupling Hamiltonians H AC and H BC ,
for Q = A, B. Using the rotating wave approximation, the interaction with the TLS has the standard form
where σ + l denotes the raising operator of the lth TLS. Cavity B is not coupled to the TLS, which can be achieved in different ways. One of them is the use of a beamsplitter (Fig. 1) which places M in a node for the radiation from B, whereas the radiation from A has an anti-node there. It is important that absorption and emission of the lth TLS is governed by just four modes, given by the operator pairs a Fig. 2 ). This radiation reaches A and C, but not B. However, some radiation from B can excite the TLS after entering C through H BC . This asymmetry between absorption and emission has already been noted by Planck, who attempted to base a derivation of the second law on it [29] . His argument was that the radiating atom "forgets" the direction from which it has been excited and thus seems to enhance the disorder in the radiation field. However, the emitted radiation is a pure state which in our setup results in a reduction of entropy. We consider in the following the average occupancy per mode at frequency ω, n(ω) Q in the three cavities. For the beginning, t = 0, we assume separate thermal equilibria at temperature T in A, B and C. Moreover, the probability m e /m of excited TLS obeys the Boltzmann distribution,
and the total entropy of the m TLS reads,
with p e (t) = m e (t)/m, thereby considering the TLS as independent classical objects. This approach can be justified by the quick relaxation of the two-level systems by non-radiative processes, which decohere them on time scales much shorter than the time scale for spontaneous emission [30] . For the radiation in cavity Q, we have the occupation number per mode at frequency ω,
The total entropy S(ω) of the radiation depends only on n Q (ω) as given by
As the temperature depends on n Q via (8), the entropy is a function only of n Q . We do not include the possibility of non-zero coherences for the TLS which can be justified in the usual way [30] . As shown in the appendix, the rate equations for the n Q (t) (omitting ω) and m e (t) read,
A realistic determination of the phenomenological coefficients γ Q1Q2 , B depends on the details of the experimental implementation. The important feature of (10) - (13) is the instability of standard thermal equilibrium. The term B A 12 m e for spontaneous emission into A in (10) is not accompanied by the corresponding term for stimulated emission of the same order in the couplings g A lj , because emission stimulated by A cannot enter A directly, but only via the surrounding cavity C, as given by the second order term B CA 21 m e ( n A + 1)( n C + 1)
2 . Because the absorption term B A 12 (m − m e ) n A has the usual form and is of first order in the coupling, cavity A cannot obtain standard equilibrium with the TLS, while (12) for the surrounding cavity shows these terms in first order. Due to the presence of A, however, also C cannot equilibrate with the TLS in the standard way. shows the time dependence of the occupation numbers in the three cavities, if the initial state is the standard equilibrium, while Fig. 4 shows the drop in entropy due to unequal distributions of n A , n B and n C generated in the new steady state.
III. DISCUSSION AND CONCLUSIONS
In discussing the experiment we first note that the function of the proposed interferometer is based on the phenomena taking place in the little-explored realm where the quantum world interfaces classical physics, as we use a statistical description together with the uniqueness of the quantum state produced by spontaneous emission of the TLS. The non-unitary, probabilistic state development of the device can neither be achieved in classical Hamiltonian dynamics nor in the unitary pure quantum regime as described by the Schrdinger equation. The collapse processes that link the classical world and the quantum regime [31] , together with quantum interference, constitute the core of the entropy reduction exhibited in equations (10) - (13) .
Our Gedankenexperiment reveals a clear conflict between thermodynamics and quantum theory because a probabilistic dynamics caused by the collapse processes produces nevertheless pure quantum states whose interference leads to the unequal emission rates into cavities A and B. Thermodynamics predicts that an isolated system will reach a stable state of thermal equilibrium characterized by a uniform temperature distribution and maximal total entropy. Quantum theory, however, predicts such a state to be unstable: The interferometer is then expected to lower its entropy until a steady state is reached in which the occupation and therefore the effective temperature of the resonant mode in the two radiation reservoirs and the surrounding cavity differ. The different outcomes predicted for this experiment by quantum physics and by thermodynamics are distinguishable by measurements of the distribution of radiation in A and B. This distribution has to show a dip around ω in reservoir A and a corresponding enhancement in B. We emphasize that this result is independent from special assumptions about the collapse process itself, i.e., the interpretation of the quantum formalism. The collapse could take place during a probabilistic emission event in the TLS or during measurement of the photon density in the cavities at some later time t fin . As long as the temporal development can be described by a dynamical semi-group and the Markov condition is fulfilled, the statistical description via the rate equations (10) -(13) will yield the same result as a full computation of the unitary time development up to t fin with subsequent tracing over all unobserved degrees of freedom.
If the experiment showed equal distributions in both reservoirs as predicted by thermodynamics, the common understanding of quantum theory and quantum collapse would need to be revised, because additional correlations between the cavities A and B would be present in this case which are not accounted for in the Hamiltonian (2). The only option would be to compute the full many-body problem to identify possible reasons for the breakdown of well-established tools like the golden rule or the Markov approximation.
In case that measurements reported unequal distributions of A and B, one would be forced to conclude that suitable combinations of statistical processes like spontaneous emission and quantum superpositions would reduce the total entropy, i.e., the state of classical thermal equilibrium with maximal entropy becomes unstable and the system moves to steady states with lower entropy. As the processes presented occur in a closed system, the second law of thermodynamics in its basic sense would be violated [18, 19] . Entropy-reducing processes would be expected to occur in nature, in structures differing greatly from the device presented in Fig. 1 [32] , with ram-ifications for thermodynamics and various other fields of science as well as engineering, including information science, life sciences and astrophysics [33] .
IV. APPENDIX
Derivation of the rate equations (10) - (13) We denote the different sets of modes belonging to the small cavities A, B and the surrounding cavity C by the bosonic operators {a j , a † j }, {b j , b † j }, {c j , c † j }, where the index j runs from 1 to N A , N B and N C , respectively. N Q is the total number of modes in cavity Q = A, B, C lying within the interval ω ± ∆/2 around the resonance frequency ω of the TLS. We have N C N A , N B . The total Hamiltonian of the system reads,
The {a j , b j , c j } are annihilation operators for eigenstates of the H Q . The apertures in the cavities A and B are modeled by the coupling Hamiltonians
There is no direct coupling between A and B. Moreover, the modes are selected in such a way that the TLS at M do interact with the radiation in C and A, but not with B,
We assume now the applicability of the golden rule to describe the exchange of photons between cavity A and C. The probability for the emission of a photon from A into C is
where |ψ in = | . . . , n (16), we can write the transition rate from A to C in terms of the average number of photons per mode in the cavities, n A and n C ,
and find for the transition rate from C to A the corresponding expression τ
The modes in C interact with the TLS in the usual way, i.e., the absorption rate can be written as
and the emission rate 
The radiation from A is absorbed directly by the TLS according to (17) , with a different coefficient due to the different density of states in A and C. Considering that only a small fraction of modes in A are coupled to the TLS, we obtain 
and B 
Likewise, there is a process where radiation stimulated by C goes to A, 
Naturally, we can assume B 
